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In wool dyeing and finishing processes, fabric is often treated under conditions of different pHs and is subjected to a
variety of physical and chemical environments. This work investigates fabric tensile properties at three different
fabric pHs. Wool fabric extensibility under a 5 N/cm load was observed to be greatest at the wool isoelectric point of
pH 4.8 and lower at both pH 2.1 and pH 7.2. The impact of pH on fabric extensibility was found to be similar to the
variation in fabric hygral expansion previously observed. Fabric stress–strain curves at different pHs showed that for
a given fabric extension level, the work required to stretch a fabric was less at pH 2.1 than at pH 4.8. These results
suggest that the strength of wool fabric is at maximum when the pH of the fibres is close to the wool isoelectric point
and that for consistency, the pH of fabric should be adjusted before standard strength tests are carried out.
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Introduction
 
pH has long been recognised as a factor that is able to
influence a whole range of properties and processes in
wool fabric dyeing and finishing. These include scour-
ing, milling, dyeing and permanent setting (Garcia,
Pailthorpe, & Postle, 1994; Køpke, 1970). In the last
50 years, much work has been aimed at understanding
and controlling moisture-related dimensional proper-
ties, such as hygral expansion and relaxation shrinkage,
during wool processing because it is recognised that
inappropriate values of these properties are the cause of
many problems during garment making (Brady, 1995;
Dhingra, Postle, & Mahar, 1985; Shaw, 1978). Little
effort has been made to see how fabric mechanical and
dimensional properties could be influenced by pH,
especially under saturated conditions.
Studies on the effect of pH on wool fibres were first
reported by Speakman and Hirst (Speakman, 1933;
Speakman & Hirst, 1931). They examined the wool
stability region by measuring the work required to
stretch fibres by 30% of their length after soaking them
in solutions at different pH values. It was found that
outside of the region between pH 4.0 and pH 7.0, the
work required to stretch the fibre decreased. Elod and
Schmitt (1940) also showed that the isoelectric point of
wool was close to pH 4.9, and susceptibility to mechan-
ical damage and chemical attack, was at a minimum at
this pH. Measurements of fibre diameter using different
methods (Elod & Schmitt, 1939; Li, Brady, & Wang,
2009; Speakman, 1931) have shown that near the
isoelectric point at pH 4.8, fibre swelling also is reduced
to a minimum.
Recent studies (Li, Brady, & Wang, 2007, 2009) on
fibre swelling phenomena and fabric dimensional
properties at various pHs have proved that wool hygral
expansion can be significantly affected by fabric pH. It
is also known that yarn crimp plays an important role in
fabric extensibility, which is also closely related to
fabric hygral expansion (Cookson, 1992; Garcia et al.,
1994).
In this work, we investigated fabric tensile behav-
iour by measuring the fabric stress–strain properties in
the warp, weft and bias directions after fabric had been
equilibrated at different pHs. Measurements of load–
extension behaviour of fabrics were made in both the
dry and wet states.
 
Experimental
 
Fabric samples
 
Loomstate, undyed, plain-weave and twill pure-wool
fabric samples taken from ordinary mill production
were designated A and B, respectively (see Table 1).
Fabrics were made from the same yarns and had under-
gone the same finishing treatment. The samples were
prepared for measurement by scouring in aqueous
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solutions containing 2 g/l Hydrapol TN450 (Huntsman,
Australia) and 2 g/l sodium carbonate, at room
temperature for 1 h. Scouring was carried out at low
temperature to minimise the possibility of permanent
set being introduced into the fabric and the treatment
was relatively prolonged to increase its efficiency.
 
Buffer solutions
 
Three different pH values were chosen for the experi-
ments. Recipes for the buffer solutions were as follows:
pH 2.1 buffer solution was obtained by making up
solutions containing 0.2 M sodium di-hydrogen
phosphate and 0.2 M phosphoric acid; pH 4.8 buffer
solution was obtained by making up solutions contain-
ing 0.2 M acetic acid and 0.2 M sodium acetate; pH 7.2
buffer solution was obtained by making up solutions
containing 0.2 M sodium di-hydrogen phosphate and
0.2 M di-sodium hydrogen. Di-sodium sulphate was
added to each buffer to bring the ionic strength to 2 M.
 
Sample preparation
 
Scoured fabric samples, approximately 25 mm wide
and 100 mm long, were cut in the warp and weft direc-
tions, and in the bias direction at 45
 
°
 
 to the warp direc-
tion. The samples were trimmed so that before testing
each sample contained a fixed number of ends or picks
in the measurement direction. Three separate samples in
each direction were measured in each case, and the
results of measurements in the warp and weft directions
were averaged. The standard deviation was calculated
in each case.
 
Conditioned fabric sample measurement
 
Fabric samples were wet-relaxed by soaking, flat and
without restraint, in aqueous buffer solutions contained
in a shallow trough, for 2 h at room temperature, at a
liquor ratio of 5:1. Then the samples were gently
pressed between layers of absorbent paper and left to
dry under ambient conditions before being placed in an
oven at 105
 
°
 
C for 60 min. Fabric samples were then
conditioned at 20
 
±
 
2
 
°
 
C and 65
 
±
 
2% relative humidity for
24 h, while lying on a non-stick horizontal surface, and
then measured. For each buffer solution, three samples
were measured and the results were averaged.
 
Wet fabric sample measurement
 
Fabric samples were cut and then wet-relaxed by soak-
ing, flat and without restraint, at a liquor ratio of 5:1 in
the aqueous buffer solutions contained in a shallow
trough, for 2 h at room temperature. Then samples were
taken out of the solutions and passed through a pad
mangle, the pressure of which was adjusted to make the
water content (pickup) equal to 100%. The tensile prop-
erties of the fabric samples were measured immediately
after padding. For each buffer solution, three samples
were measured and the results were averaged.
 
Hygral expansion
 
In this work, hygral expansion at any regain was
expressed as the percentage change (HE) in relaxed
dimensions (
 
D
 
R
 
) of fabric at that regain relative to the
dry relaxed state (
 
D
 
0
 
): 
 
Tensile test
 
A Lloyd LR 30K (Lloyd, UK) tensile tester was used to
measure fabric extension, expressed as a percentage of
the original length at 5 N/cm load. A gauge length of 60
mm was set in the test. The extension speed was
10 mm/min. All tests were conducted under standard
conditions of 20
 
±
 
2
 
°
 
C and 65
 
±
 
2% relative humidity.
 
Results and discussion
 
Effect of pH on fabric extensibility under low strain
 
Extensibilities of conditioned samples, under 5 N/cm
load, at the three different pHs are shown in Figure 1.
The plain weave fabrics tended to be more extensible
than twill fabrics. This is most likely due to dissimilar-
ities in the weave structures of the fabrics. The plain
weave fabric had a higher frequency of yarn crossover
points than the twill fabric and the relative increase in
yarn–yarn interactions resulted in a greater variation in
fabric relative dimensions, and hence a higher fabric
extensibility.
 
Figure 1. Fabric extensibilities at different pHs: (a) averaged from warp and weft directions, and (b) bias direction.
 
Figure 1 shows that with both the plain and twill
fabrics measured in this work, the extensibility in both
the warp/weft and bias directions was slightly greater at
the wool isoelectric point of pH 4.8, than at pH 2.1 or
pH 7.2. Differences between the results for pH 2.1 and
pH 7.2 were scarcely significant, within experiment
error.
Figure 2 shows relationships between fabric hygral
expansion and fabric extensibility values for the two
different types of fabrics.
HE R(%)
( )
.= ×
−
100 0
0
D D
D
 
Table 1. Structural details of the pure wool fabric samples.
Fabric
Weave 
structure
Finishing 
treatment
Weight 
(g/m
 
2
 
)
Ends and 
picks 
(/cm)
Hygral 
expansion 
(%)
A Plain Scoured 140 27 
 
×
 
 23
 
−
 
0.55
B 2/1 twill Scoured 157 33 
 
×
 
 27 0.08
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Figure 2. Relationship between fabric hygral expansion (HE) and extensibility for the plain weave and twill fabrics at different pHs.The correlation between fabric extensibility and
hygral expansion was approximately linear for each
type of fabric at a particular regain and the plots for the
plain weave fabric were approximately parallel. This
observation is consistent with previous studies in which
fabrics were relaxed in distilled water (Cookson, 1992;
Garcia et al., 1994). At constant extensibility, the hygral
expansion decreased with the regain of measurement, as
is typical of undyed fabric samples which had not been
permanently set (Brady, Wong, & Yeung, 1995).
The three different pHs chosen for this work are
known to provide conditions under which the net charge
on wool keratin is negative, neutral and positive. The
relevant pH equilibria are illustrated as follows (where
W represents a polypeptide chain). 
At pH 4.8, wool has a neutral charge because it
contains an equal number of positively and negatively
charged ionic groups. The attractive forces between
the polypeptide chains due to the charged ionic groups
are expected to be at a maximum and this explains
why fibre swelling was observed to be minimal. The
lower swelling of fibres at this pH is expected to
produce a lower level of inter-yarn forces in fabric at
pH 4.8 and hence lead to higher values of hygral
expansion.
At pH 7.2, the polypeptide chains carry an excess
negative charge due to complete deprotonation of
carboxylate groups and partial de-protonation of basic
amino groups. While at pH 2.1, the protein chains carry
a large net positive charge due to protonation of both
carboxylate and amino groups in the protein. Repulsion
between the excess negative or positive charges is likely
to produce extra swelling in the protein structure rela-
tive to the isoelectric state. The effects of fibre swelling
are manifested in these fabrics as reductions in
measured values of hygral expansion.
Fabric hygral expansion and tensile properties are
regarded as yarn crimp sensitive properties (Garcia
  
W COOH W COO  H
  W NH       W NH   H3 2
− ⇔ − +
− ⇔ − +
− +
+ +
   
Figure 1. Fabric extensibilities at different pHs: (a) averaged
from warp and weft directions, and (b) bias direction.
Figure 2. Relationship between fabric hygral expansion (HE) and extensibility for the plain weave and twill fabrics at
different pHs.
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et al., 1994). The generally greater hygral expansion
values of permanently set fabrics are mainly due to their
higher yarn crimp (Shaw, 1978) and their lower inter-
yarn forces. Higher values of hygral expansion are also
related to increases in fabric extensibility. With the
fabrics measured in this work, it appeared that the effect
of yarn crimp dominated the extensibility of wool
fabrics under low levels of strain.
 
Effect of pH on fabric stress–strain properties
 
The stress–strain behaviour of the conditioned plain-
weave fabrics equilibrated at pH 2.1 and pH 4.8 is
shown in Figure 3. A crossover point of the two curves
(A) was found at the start of the Hookean region of the
fabrics. It suggests therefore, at loads less than 30 N
(point A), greater extension was shown by the fabric
treated at pH 4.8 than that at pH 2.1. At pH 7.2, a simi-
lar curve to that at pH 2.1 was obtained.
 
Figure 3 .Load–extension curves of the conditioned plain-weave wool fabric at different pHs.The stress–strain behaviour of wool has been exten-
sively studied and the behaviour, particularly with wet
wool, has been summarised by Feughelman and Griffith
(1995). As shown in Figure 3, the behaviour in the
initial region of the stress–strain curve before the onset
of the Hookean region is generally attributed to de-
crimping and straightening of fibres and yarns within a
fabric. This result is consistent with the observations in
Figure 1, which showed an extension value of around
5.5% for fabric equilibrated at pH 4.8 and 5.0% for
fabric equilibrated at pH 2.1 and pH 7.2, when a load of
5 N was applied to the fabrics. It can be inferred there-
fore that at pH 4.8 there was slightly more free space
between the yarns within the conditioned fabric than at
pH 2.1 and pH 7.2. This is also consistent with the
hygral expansion of the fabric being greater at pH 4.8
than at the other pHs.
When the stress–strain response reached the vicinity
of the point A in Figure 3, yarns in the fabric structure
had become fully into contact and further loading of the
fabric caused extension of the fibres and yarns. It can be
seen from Figure 3 that as the fabric progressed from
the Hookean region through the yield region and into
the post yield region and reached the fabric breaking
points, for a given extension value, a greater load was
sustained by the fabric equilibrated at pH 4.8 than at pH
2.1. This observation is in agreement with early work
by Speakman and Hirst (1931, 1933). They found that,
the work required to stretch fibres was at greatest
between pH 4.0 and pH 7.0.
The load–extension curves of the wet plain-weave
wool fabric samples at pH 2.1 and pH 4.8 are shown in
Figure 4. There is no intersection point of the curves in
the Hookean region. As has been pointed out in the
previous study (Li et al., 2007), increased yarn crimp
due to the greater fibre swelling at pH 2.1 contributed
directly to the greater fabric contraction observed at the
wool isoelectric point of pH 4.8. It follows therefore,
that in the initial yarn-crimp stretch stage before the
Hookean region, saturated fabric at pH 2.1 had a lower
initial stiffness and greater extensibility than at pH 4.8,
for a given extension load. With wet fabric, lower stiff-
ness in the Hookean region at pH 2.1 suggests that wool
has a lower degree of crystallinity or there were less
coherent interactions between the alpha-helical regions
in the fibres at this pH.
 
Figure 4. Load–extension curves of the wet plain-weave wool fabric at different pHs.
 
These results further confirm a direct relationship
between fabric dimensional properties and fabric tensile
properties at low stress. Fabric stress–strain behaviour
under higher loads can be similarly explained in terms
of the stability of wool at the isoelectric point, as well
as possible wool denaturation under the severe acid
condition of pH 2.1.
Figure 3. Load–extension curves of the conditioned plain-
weave wool fabric at different pHs.
Figure 4. Load–extension curves of the wet plain-weave
wool fabric at different pHs.
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Conclusions
 
It has been demonstrated in this paper that fabric tensile
properties can change with fabric pH. In the fabrics
measured in this work, pH affected extensibility in a
similar way to its impact on hygral expansion. Fabric
extensibility and bias extensibility under 5 N/cm load
were observed to be greatest at the wool isoelectric
point of pH 4.8 and lowered at both pH 2.1 and pH 7.2.
The fabric stress–strain curves showed that for a given
fabric extension level, the work required to stretch a
fabric was less at pH 2.1 than at pH 4.8. These results
suggest that wool is most stable close to the isoelectric
point of pH 4.8, and the likelihood of fibre or fabric
damage due to applied forces is at minimum at this
point. However, under low strain, fabric extensibility is
dominated by yarn crimp and free space within the
fabric structure.
The study has implications in wool industrial
processing in which the pH of a fabric may be changed
and in which a fabric is subjected to a range of
mechanical movement, especially in the critical
operations where production of fabrics with specific
dimensional properties is required. These include
scouring, milling, dyeing, crabbing, decatising and
steam pressing.
The results also indicate that, for consistent results,
preliminary equilibration of wool at a pH close to the
isoelectric point should be carried out before making
standard strength tests on wool fibres, yarns and fabric
and also before measurement of dimensional properties
of wool fabrics.
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